Functional validation of candidate genes for adaptation and speciation remains challenging. We here exemplify the utility of a method quantifying individual mRNA transcripts in revealing the molecular basis of divergence in feather pigment synthesis during early-stage speciation in crows. Using a padlock probe assay combined with rolling circle amplification we quantified cell-type specific gene expression in the native, histological context of growing feather follicles. Expression of Tyrosinase related protein 1 (TYRP1), Solute carrier family 45 member 2 (SLC45A2) and Hematopoietic prostaglandin D synthase (HPGDS) was melanocyte-limited and significantly reduced in follicles from hooded crow explaining the substantially lower melanin content in grey vs. black feathers. The central upstream transcription factor Microphthalmia-associated transcription factor (MITF) only showed differential expression specific to melanocytesa feature not captured by bulk RNA-seq. Overall, this study provides insight into the molecular basis of an evolutionary young transition in pigment synthesis, and demonstrates the power of histologically explicit, statistically substantiated single-cell gene expression quantification for functional genetic inference in natural populations.
INTRODUCTION
Feathers are a key evolutionary innovation of the epidermis arising in the dinosaur lineage basal to the avian clade (1, 2) . Millions of years of evolution have modified the development of epidermal appendages from scales to the complex morphological structure of a feather (Figure 1) . Its basic bauplan has been repeatedly expanded to a variety of feather types ranging from downy feathers for insulation to pennaceous wing feathers enabling flight (3) (4) (5) . By integrating light-absorbing, chemical compounds modulating feather coloration the avian plumage further provides ample opportunity for inter-and intraspecific signaling (6) . Mediating between the natural and social environment feather coloration constitutes an important component of natural and sexual selection with implications for adaptation and speciation (7, 8) . Coloration differences arising within short evolutionary timescales within and among populations are thus believed to play an active role in the initial steps of species divergence (9, 10) .
The chemical compounds contributing to the vibrant colors of birds include metabolized ketocarotenoids producing yellow-orange color and porphyrins resulting in bright pink, yellow, red or green. Iridescence is mediated by refraction of light on feather microstructures often involving an ordered array of melanin granules within a keratin substrate (11) . In this study, we focus on genesis and deposition of melanin polymers into the growing feather setting the basis for black, reddish or brown color space (6) . While the molecular pathways of pigment synthesis and color patterning across the body are well characterized in mammals and insects (12, 13) inference in birds is usually indirect and often assumed to follow the general pathways characterized in other vertebrates (6) (but see 14, 15) . Moreover, functional investigation is generally restricted to domesticated model species such as chicken (16, 17) , duck (18) , or quail (19, 20) .
Recently, however, high-throughput sequencing of genomes and transcriptomes has opened coloration genetic research to variation segregating in natural populations (21) .
Genome-wide association mapping approaches yield initial candidate genes contributing to variation in pigmentation within and among populations (22) (23) (24) . Differential gene expression analysis between color morphs using bulk mRNA sequencing provides an independent axis to screen for genes potentially involved in color mediating pathways (25, 26) . Yet, while useful to generate initial hypotheses, bulk mRNA sequencing integrates over a vast number of cells and cell types, and falls short of mapping gene expression relevant to the variance in pigmentation. Therefore, cell-type specific approaches measuring gene expression in the chromatophores themselves are required for functional characterization of candidate genes.
We here present a powerful approach allowing detailed quantification of transcript abundance in single cells. The basic approach is not limited to color genetics and can be used for any cell type and phenotype of interest. We focus on melanogenesis using an avian model of color-mediated early-stage speciation in European crows. Black carrion crows Corvus (corone) corone (CC) and grey-coated hooded crows Corvus (corone) cornix (HC) hybridize along narrow contact zones in Europe and Asia and show characteristic differences in the amount of melanin deposited in the plumage (Figure   2A ). Evidence of assortative mating by phenotype and near-identical genomes differing by less then 100 differentially fixed base pairs (< 10 -6 percent) make them a suitable model to investigate the genetic underpinnings of color divergence at an early stage of divergence (27) . In previous studies, transcriptome analyses across several tissues revealed a limited number of differentially expressed genes between taxa. Differences were most pronounced in skin tissue with active feather follicles maturing into grey or black feathers. Among these differentially expressed genes, genes involved in melanogenesis were strongly enriched and predominantly down-regulated in the grey coated hooded crows. Together with population genomic scans for candidate genes that may causally be involved in divergence of the pigmentation pattern these results suggested divergence of one or a few upstream melanogenesis genes (26, 28) . Yet, despite generalized differential expression throughout the melanogensis pathway, the transcription factor MITF with a central regulatory role in mammals showed no evidence of differential expression (26) .
Building upon information derived from bulk mRNAseq, we here characterize the molecular basis of (divergence in) avian melanin pigmentation in unprecedented detail.
We first examined whether phenotypic and anatomical characteristics may contribute to explain the striking color contrast. We characterized melanocyte maturation, melanosome transport and the formation of barbed ridges in the native histological context of growing feather follicle of regenerating torso (grey in HC, black in CC) and head (black in both taxa) feathers from both taxa. We then quantified gene expression patterns of candidate genes both along the longitudinal axis of a feather and cross sections to reveal spatialtemporal expression patterns within and between taxa. To quantify mRNA transcripts in the cell type of origin we developed a histologically explicit padlock-probe assay coupled with rolling circle amplification allowing (RCA) (29) to partition variation in gene expression among taxa into its biologically relevant components.
Overall, this study provides detailed insight into the molecular mechanisms involved in feather melanization and gene regulatory evolution. It also demonstrates the power of the quantitative padlock assay allowing for statistical inference on gene expression differences in a cell-type specific context that can readily be transferred to other systems.
MATERIAL AND METHODS

Taxonomic considerations
The taxonomic status of the Corvus (corone) ssp. species complex is contentious with some authors treating populations differing in plumage coloration as separate species (30) . European all-black carrion crows and grey-coated hooded crows, however, have near identical genomes arguing against species status (28) . Hence, until formal revision of taxonomic status recent work has treated carrion [C. (corone) corone] and hooded crows [C. (corone) cornix] with uncertainty regarding taxonomic status (24, 28, 31) .
Given that for most part of the genome -including the target genes under investigationgenetic differentiation approaches null, taxa can essentially be treated as color morphs segregating within a population for the purpose of this manuscript.
Population sampling
Crow hatchlings were obtained directly from the nest at an age of about three weeks.
Hooded crows (C. (corone) cornix) were sampled in the area around Uppsala, Sweden (59°52'N, 17°38'E), carrion crows (C. (corone) corone) were obtained from the area of Konstanz, Germany (47°45N', 9°10'E) ( Supplementary Table S1 ). To avoid any confounding effects of relatedness, only a single individual was selected from each nest.
After transfer of carrion crows to Sweden by airplane, all crows were hand-raised indoors at Tovetorp fieldstation, Sweden (58°56'55"N, 17° 8'49"E). When starting to feed by themselves they were released to large outdoor enclosures specifically constructed for the purpose. Carrion and hooded crows were raised and maintained under common garden conditions in groups of maximum six individuals separated by sub-species and sex. 
Permission for sampling of wild carrion crows in Germany was granted by
Feather sampling
For the purpose of the study, feather follicles needed to be sampled in a comparable, developmental stage with active expression of genes involved in the melanogenesis pathway. We therefore synchronized feather regrowth by plucking feathers on defined 3x3 cm patches on the torso (black in carrion crow, grey in hooded crow) and head (black in both subspecies) exploiting the natural disposition for molting during the months of July-September (32) . Previous work has shown that regrown feathers are identical in color and shape to the original feathers (28) . We restricted sample collection to the molting seasons in August of 2015 and 2016, corresponding to an age of 1 and 2 years, respectively ( Supplementary Table S1 ). This excludes any potential ontogenetic changes in coloration sometimes occurring at the juvenile molt 4-6 weeks after fledging (32) . We then allowed feathers to regrow for 10 to13 days, at which stage the previously plucked areas of skin contained densely spaced feather shafts with the first parts of feathers about to protrude from the shafts. Regenerating feather follicles ranging from 0. 
Histology of melanocytes and characteristics of melanosomes
Feather follicles pretreated with paraformaldehyde (PFA) as described above were dehydrated in an ethanol serial dilution of 70%, 95%, and 99.9%, and then embedded in The ACTB which shows no expression differences between taxa across several tissues including feather follicles (26) isoforms were annotated constitutively expressed exons were targeted (see Table SB for primer and padlock probe design). To guarantee the same specificity across individuals, and importantly across taxa, primers were targeted at monomorphic regions devoid of genetic variation segregating within and between taxa (28) . Using the Padlock Design labeled with the Cy5 ( Supplementary Table S2 ). To investigate gene expression for both sets on the same histological section, padlock probes of the first gene set were stripped off with 20 % formamid at 50 °C for 30 minutes. Absence of any remaining fluorescence residues was confirmed prior to hybridization with detection oligonucleotides of the second gene set.
To capture all RCA in situ signals across the 10µm cryosection each section was scanned at different focal planes resulting in z-stacks of images. Prior to quantification each zstack of images was algorithmically merged into a best-focal-point image using ImageJ ver. 1.51h (33) with the Stack Focuser plugin (34) , optimally representing all RCA signals present in the sample. To ensure comparability between images taken separately for the control, dye set 1 and dye set 2, all images for the same section were aligned using a feature based alignment algorithm (35) in Matlab ver. 2016b. For some special cases, the alignment needed to be performed manually. This was done by using the ImageJ plugin Align Image by Line ROI (33) . Quantification of signal position, intensity and cumulative number of RCA signals was automated using a Cellprofiler ver. 2.4.0rc1
pipeline (36) . The basic steps of the pipeline were segmentation of the feather outline, detection of fluorescent signals, and detection of autofluorescence. The outline of the feather was extracted by enhancing the edges followed by morphological operations. The fluorescent signals were segmented using an adaptive local thresholding method based on ellipse fit (37) . Regions with high autofluorescence were detected on images acquired before staining, and used to mask out the detected signals. All scripts are available in the supplement scripts and codes.
Defining melanocyte boundaries
The abovementioned approach measures abundance of mRNA molecules for the entire image including cell types other than melanocytes. To specifically quantify mRNA abundance in melanocytes, we determined cell boundaries in cross sections using protein immunostaining against the TYPR1 protein. The TYRP1 protein is suited as a melanocyte-specific marker for the following reasons: (i) in humans the protein is exclusively found in skin (38) (28) .
Immunostaining was performed with a primary antibody against human TRP1 at 1:500 dilution (ab83774, Abcam Co., USA) and secondary goat-anti-rabbit IgG H&L antibody (ab150077, Alexa Fluor 488, Abcam Co., USA) at 1:200 dilution. In addition, TYRP1
and ACTB mRNAs were visualized using the padlock-RCA approach described above, and cell nuclei were stained using 1 µg/µl Hoechst 33342 (ThermoFisher Scientific Inc., USA; filter excitation: 335 -383 nm, filter emission: 420 -470 nm). Combining the information from cell identity, melanocyte specific mRNA and protein expression (TYRP1) and ubiquitous mRNA signals (ACTB) melanocyte boundaries could be localized (Figure 3, Supplementary Figure S7C ). Cell boundaries were determined on cross sections at 1000 µm distal to the dermal papilla for a subset of three follicle samples of carrion crows (Supplementary Figure S7C) . Since the inferred cell body boundaries consistently coincided with the melanin cluster at the ventral end of the barbed ridges, melanin patterns could be used to extrapolate melanocyte boundaries in all other sections (Supplementary Figure S7D) .
Quantifying melanocyte-specificity of gene expression
To assess melanocyte-specificity of gene expression we quantified total mRNA abundance in five barb ridges for a total of 115 cross sections at both 500 µm and 1000 µm of each individual (torso HC, CC and head CC, HC) (Supplementary Figure S7A) .
In addition, we quantified the number of in situ tagged mRNA molecules residing exclusively in an area reflecting melanocyte boundaries delimited by TYRP1 protein immunostaining (Supplementary Figure S7C) . Subtracting the latter from the total number of counts in barb ridges yields the number of transcripts expressed in cell types other than melanocytes (Supplementary Figure S7D) . Normalizing both melanocyte- barb ridge as the process described above (Supplementary Figure S7B, & D) . The sum of RCA signals of one barb ridge reflects the number of detected mRNA transcripts of an average of 3 (range: 2-4) melanocytes present per barb.
To control for technical differences in staining efficiency among and within sections, the abundance of each target gene was normalized relative to the ubiquitously expressed ACTB gene (an independent ACTB reference was used for each dye set, see above).
Statistically, this can be modeled using the binomial distribution where RCA signal counts of the target gene K are expressed as a function of the total number of counts N of both target gene and ACTB. The probability of obtaining K successes is given by 
RESULTS
Morphological and anatomical characterization
Pennaceous wing and tail feathers, as well as body feathers covering the head and chest appear black in both carrion and hooded crows. Body feathers of hooded crows are light grey in contrast to all-black carrion crows (Figure 2A, Supplementary Figure S1 ). In both taxa semiplume body feathers are not uniformly pigmented. The intensity of eumelanin pigmentation increases from the proximal end, which is dominated by plumulacous barbs, to the fully pigmented, pennacoues tip of the feather. Feathers from hooded crow torso, however, are overall significantly lighter, but show the same pigmentation gradient along the feather (Figure 2A, Supplementary Figure S1 ). As the basis for all subsequent analyses we collected feather follicles from head (black in both taxa) and the ventral side of the torso (black in CC, grey in HC) at an early stage of development when still ensheathed by a protective outer epidermal layer (Figure 1A &   2A , Supplementary Figure S2 & S3) . As feathers grow from proximal to distal, our sample represents the visible tip of the feather reflecting the natural contrast in plumage coloration between taxa in the torso region (Figure 2A) .
Both longitudinal sections and cross-sections illustrate that differences in coloration are a direct consequence of taxon-specific variation in the level of melanization (Figure 2B) .
In both black and grey feathers melanin was deposited in rod-shaped melanosomes aggregating into higher-order granular structures (Supplementary Figure S4) . While sections of black feathers (head CC & HC, torso CC) were saturated with melanin granules locally absorbing all light, grey feathers of hooded crow torso were more sparsely pigmented (Figure 2B, Supplementary Figures S5 & S6) . Independent of the overall intensity, melanin was not uniformly distributed within barb ridges. Cross-sections illustrate that melanosomes were restricted to barbule plate cells separated by a melanin-free axial plate. Melanin was further concentrated at the dorsal end of barb ridges flanking the feather sheath, and ventrally in the growth zone adjacent to the ramus.
The 'melanin desert' in between corresponds to rows of approximately three to four keratinocytes. In grey feathers, melanin levels appeared to be more depleted dorsally relative to the ventral growth zone of the barb ridge coinciding with the location of mature melanocytes (Figures 1B & 2B, Supplementary Figure S5 & S6) .
Melanin is synthesized in melanocytes that are derived from activated progenitor cells at the very base of the follicle. Melanocyte maturation followed feather development in proximal-distal direction in both taxa: developing melanocytes first appeared in the collar bulge and were sparsely distributed in the basal layer of the ramogenic zone until about 500 µm from the distal end of the follicle (Figure 3A) . At this stage most melanocytes were rod-to spindle-shaped (Figure 3B) . At 1000 µm where barb ridges are fully formed, melanocytes were fully differentiated and spherical in shape (Supplementary Movie S1) measuring on average 32.8 ± 6.4 µm in diameter (n = 16). Mature melanocytes were situated in the ventral growth zone of a barb ridge and developed dendrite-like outgrowth of cytoplasm passing through cellular space in the axial plate and depositing melanosomes into keratinocytes of the barbule plates (Figures 1B & 3C , Supplementary Movie S2). Dendrite outgrowth appeared to be bounded by the marginal plate and axial plate, and thus limited within single barb ridges. Melanocyte development was accompanied by melanin deposition appearing in the middle-upper region bulge, the collar bulge, with a significant increase in the ramogenic zone (Figure 3A,  Supplementary Figure S7A ). In addition to the proximal-distal axis of feather maturation, the development of barbs also followed the anterior-posterior maturation pattern. Anterior barb ridges close to the rachis were developmentally more advanced than posterior barbs (Figure 2B, Supplementary Figure S5, S6 & S7B) as expected by the relative age of rami ( Figure 1A) . Qualitatively, taxa did not differ in any of the morphological features considered above.
Cell type specificity of gene expression
Next, we quantified gene expression for a set of four candidate genes that based on previous work 1) were involved in melanogensis, 2) covered a large range of expression levels and 3) were suggested to play a role in pigmentation divergence (see 26 and references therein). Gene targets included down-stream 'effector' genes SLC45A2 and TYRP1. SLC45A2 is a solute transporter of the basic melanin unit L-Tyrosine from the cytosol of melanocytes into the melanosome. The melanosomal TYRP1 enzyme catalyzes tyrosine metabolism and is thus directly involved in melanin synthesis. TYRP1 is predicted to be under control of MITF, a central regulatory transcription factor of the melanogensis pathway (44) . HPGDS encodes the PGDS protein that may indirectly interact with MITF, but is generally not well characterized in the context of melanogensis (see discussion). Based on bulk mRNA sequencing of skin tissue of torso including regrowing feathers SLC45A2, TYRP1 and HPGDS showed significantly higher levels of steady state mRNA in carrion crows (26) . The regulatory core gene MITF, however, was not differentially expressed. This may be due to a different role in avian regulatory networks or due to ubiquitous expression in cell types other than melanocytes diluting the effect.
To assess the functional role of these gene targets in avian melanogenesis we first quantified melanocyte-specificity of gene expression. TYRP1 mRNA transcripts almost exclusively accumulated in the spherical melanocyte cell body with only rare traces in dendrites, and were lacking altogether in other cell types (Figure 3C, 4, Supplementary   Figure S8 ). Transcripts of HPGDS and SLC45A2 were also limited to the barb ridge growth zone likewise supporting melanocyte specificity (Figure 4, Supplementary   Figure S8 ). Expression of MITF and the ACTB control gene, however, was not restricted to melanocytes. Transcripts of both genes were detected in different cell types throughout the follicle in pulp, bulge and the ramogenic zone. In mature barb ridges transcripts were broadly distributed throughout including barbule, marginal and axial plates, and even the feather sheath (Figures 3C & 4, Supplementary Figure S8 ). This Figure 5A) . In summary, this provides evidence for melanocyte-specificity of TYRP1, HPGDS and SLC45A2, melanocyte affinity for MITF and ubiquitous expression of the ACTB control.
Gene expression transition along the proximal-distal axis of feather
We quantified the level of gene expression along the proximal-distal axis of the feather follicle (Figure 6) . Absolute abundance of transcripts differed, as expected, among genes and by follicle origin (black CC torso vs. grey HC torso). For the internal control gene ACTB transcript abundance was high throughout. Regardless of taxon, body region or pigmentation intensity, gene expression started at the very proximal end in the bulge region, peaked in the ramogenic zone at around 500 µm, was then stably maintained and after several millimeters slowly declined. In the highly pigmented follicles of CC torso, gene expression profiles of the melanocyte-specific TYRP1 gene differed markedly from the pattern of the ubiquitously expressed ACTB gene. mRNA abundance of this core melanosomal enzyme closely mirrored melanocyte maturation as inferred from morphology and melanin deposition (see above). The first signals of TYRP1 transcripts were detected in earliest developing melanocytes in the collared bulge. Signals quickly increased in concert with melanocyte maturation in the ramogenic zone. Expression peaked at around 1 mm from the base where spherical melanocytes were fully differentiated. Beyond this region expression gradually leveled off indicating reduced activity of melanogenesis. The other melanocyte-specific genes HPGDS and SLC45A2 had overall lower expression levels, but otherwise mirrored the mRNA abundance pattern of TYRP1 transcripts. A noteworthy difference was the near-absence at early stages of melanocyte maturation in the ramogenic zone. Expression profiles of the broadly expressed MITF gene were similar to TYRP1 with a steep onset of expression in the ramogenic zone, but with a somewhat earlier peak of expression at around 1 mm from the base of the follicle. In follicles sampled from grey torso in HC, expression patterns were generally similar to those in black torso feather despite reduced signal counts of each gene. Expression profiles in follicles sampled from head were similar in shape, but showed lower abundance for HPGDS, SLC45A2 and MITF (Supplementary Figure   S9 ).
Comparison of gene expression
We formally tested whether abundance of mRNA transcripts within melanocytes differed among taxa (CC vs. HC), body region (head vs. torso) and feather pigmentation (black vs. grey). mRNA transcripts were quantified in the cell body of melanocytes for all four target genes and ACTB as internal control. Generalized linear mixed effect models using statistical model selection based on the Akaike Information Criterion suggested an effect of taxon and pigmentation for TYRP1, HPGDS and MITF, and an additional effect of body region for SLC45A2 ( Table 1) . Overall, the parameter with the by far strongest influence was feather pigmentation (wAIC = 1.00 for all genes) followed by taxon (wAIC ranging from 0.57 for TYRP1 to 0.83 for MITF). Gene expression was slightly higher in head of hooded crows (black in both species), but substantially lower in follicles sampled from the grey torso region (Figure 5B, Supplementary Figure S10) . These results were independent of melanocyte maturity both at 500 µm vs. 1000 µm above the dermal papilla.
DISCUSSION
Functional validation of genes by padlock probe combined with rolling circle amplification
The study of animal coloration has importantly contributed to our understanding of the genetic basis underlying inheritance and evolution (8, 45) . Long confined to traditional model organisms such as mouse or fruit fly high-throughput nano-sequencing technology now allows investigating the genetic basis of color variation across a broad array of organisms (21) . Yet, functional genetic studies remain difficult for the vast majority of species that are not amenable to assays such as gene knock-outs, RNA interference or CRISPR-Cas9 modification that are standard for laboratory models (46) .
We here suggest a versatile approach for functional validation of genetic signals from genome scans or association mapping applicable to a wide variety of natural systems. In Single mRNA transcript counts are overall well correlated with RNA-seq based quantification Using an evolutionary model for incipient speciation characterized by a striking polymorphism in feather pigmentation, we demonstrate the utility of the approach to characterize gene expression relevant to natural phenotypic variation. Padlock probes for detection of mRNA was recently developed (47) and has so far only been used in a few studies in a biomedical context (48) (49) (50) . Following the guidelines published (29) we designed probes for five different targets and applied them to analyze expression profiles in the complex tissue of nascent feather follicles. Given the added difficulty of working with keratizined, water repelling feather material suggests that the method is applicable across a wide variety of tissues. Relative estimates of steady-state mRNA concentration as measured by FPKM (fragments per kilobase per million reads) via bulk mRNAseq in skin tissue containing re-growing feather follicles differed by more than tenfold among candidate genes. SLC45A2 and MITF were most lowly expressed, followed by HPGDS with intermediate levels of expression and highest values for TYPR1 (see Fig. 4 in Poelstra et al. , 26) . The normalized mRNA counts derived here using the padlock/RCA assay were highly correlated with the FPKM based estimates in all cells (R 2 =0.92, p<0.001), and to a lower extent when exclusively considering melanocyte-specific transcripts (R 2 =0.79, p<0.001). The correlation was largely unaffected by body region and taxon. This suggests that the method is not only suited to compare expression by treatment separately for each gene, but also to relate absolute transcript numbers from different genes normalized by the same control.
Cell-type specific quantification of the ubiquitously expressed MITF transcripts reveals taxon-specific expression
Poelstra et al. (26) found widespread differential expression in the melanogenesis pathway including genes such as SLC45A2 or TYRP1 which are well characterized to act downstream in melanin production (51) . MITF, however, which assumes a central regulatory function in melanogensis by integrating signals from several interacting pathways (WNT, cAMP-dependent, MAPK) was not differentially expressed. Using the padlock/RCA approach this conflict could be resolved. Developing a measure of cell-type specificity we could show that transcripts of SLC45A2 and TYRP1 were nearexclusively restricted to melanocyte where they also were enriched in the cell body relative to dendrites. MITF transcripts, on the contrary, were ubiquitously expressed.
Considering melanocyte-specific transcripts alone MITF expression followed the expected pattern of significant upregulation in black carrion crow feathers (26) . The lack of differential expression in MITF using bulk mRNA sequencing was thus not due to a different functional role in avian regulatory networks, but reflects signal dilution by other cell types. A central regulatory role of MITF in melanogenesis is therefore likely to apply to avian systems in general, and specifically to divergence pigmentation patterns between hooded and carrion crows.
MITF has been shown to modulate cell-cycle progression altering melanocyte survival and turnover and to regulate the amount of melanin produced in melanocytes (51, 52) .
Our data lend support the latter function. Pigmentation differences were exclusively due to change in the concentration of eumelanin contained in rod-shaped granules in both taxa, and there was no evidence for differences in melanocyte shape or development.
Moreover, while absolute transcript numbers differed significantly between grey hooded crow feather follicles and black carrion crow follicles, longitudinal expression patterns did not. In both taxa MITF transcripts were detected at the very onset of melanocyte development and preceded expression of TYPR1 and SLC45A2. This is consistent with a role of MITF in early melanocyte development and in regulation of downstream elements such as TYPR1 and SLC45A2 being transcribed at a more advanced stage of melanocyte maturation. Altogether, this suggests a role of MITF in regulating differential melanin concentration among taxa.
Using population genomic screens in combination with bulk mRNA sequencing it had been suggested in the crow system that MITF may itself be regulated by upstream elements that have diverged during the course of evolution (26, 28) . These include CACNG calcium channel genes regulating AMPA receptors known to influence expression of MITF.
A functional role for the HPGDS gene in melanogenesis
Another divergent candidate was HPGDS, a gene that is generally associated with gluthathione metabolism with no clear bearing on melanogensis. Yet, HPGDS may interact with MITF through SOX9 or by its calcium ion binding functionality (26 and references therein, 28) . The observation of this study that HPGDS transcripts were limited to melanocytes lends further support to a potential role in melanogensis.
Moreover, congruent with MITF, it was expressed at an early stage of melanocyte maturation which is consistent with the proposition that it may be involved in regulatory feed-back with MITF. 
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. Schematic diagram and terminology of feather follicle morphology
The feather is a complex epidermal organ of cellular origin. Its basic bauplan follows a hierarchical structure of ramification into barbs and barbules. It develops within follicles, an epidermal modification derived from invagination into the dermis (53, 54) . Cells 
